Abstract. We report single transverse and longitudinal mode operation of an all solid-state orange laser pumped at 821 nm. Oscillation at 607 nm by avalanche upconversion in Pr, Yb:BaY2F8 pumped by a Ti-Sapphire laser at 821 nm is obtained with a threshold as low as 570 mW. A maximum output power of 12 mW is obtained for a pump power of 2.5 W. 
Introduction
High-resolution spectroscopy [1] or quantum information processing techniques [2, 3] using rare-earth ions embedded in solid-state matrices [4] make use of the coherent optical excitation of transitions that lie in the visible or infrared range. Among the possible active centers, praseodymium ions embedded in a Y 2 SiO 5 matrix represent at the present time the most promising system for these applications, because of their relatively large optical transition oscillator strengths and long coherence lifetimes [5] . The optical transition used in these experiments is the 3 H 4 (0) → 1 D 2 (0) transition at 605.977 nm vacuum wavelength. To coherently drive such a system, it is necessary to use a laser source with a coherence time longer than the optical coherence lifetime of the considered transition, i. e., in the 100 µs range [6] . Dye lasers are currently available sources at this wavelength but they are cumbersome and difficult to stabilize below the kHz range. This is mainly due to the large bandwidth of the frequency noise created by the dye jet. In fact, only a few teams around the world have built such ultra-stable dye lasers [7] [8] [9] . Consequently, the development of all solid-state ultrastable laser sources in the red-orange part of the visible spectrum, i.e., where diode lasers are not available, is an important step towards the real development of quantum information processing systems using such rare-earth ions. One possible track consists in exploring the possibilities offered by optical parametric oscillators. Some promising results have recently been obtained with a singly resonant optical paraa e-mail: fabien.bretenaker@lac.u-psud.fr metric oscillator using a PPSLT crystal [10] . However, one disadvantage of such sources is the fact that they cannot be pumped by diode lasers.
Another interesting possibility would be to build a laser based on another transition of Pr 3+ ions, namely the 3 P 0 → 3 H 6 transition, which is also located in the red-orange part of the visible spectrum. Indeed, visible laser emission of this transition in praseodymium doped fluoride crystals at room temperature has been demonstrated in cw regime by direct pumping with a blue laser diode [11, 12] . However, blue laser diodes with sufficient power are not yet readily available. This, and the fact that a minimum power of 100 mW in the orange would be necessary for our application, explains why the orange laser recently obtained using Pr, Yb:BaY 2 F 8 pumped by a Ti-Sapphire laser in the 820-840 nm wavelength range is particularly attractive [13] . In this system, the upper level of the laser transition in praseodymium is populated under infrared excitation thanks to a process called avalanche upconversion [14, 15] exhibit the spatial and spectral characteristics necessary for our high-resolution spectroscopy applications. Consequently, in this paper, we focus on the today available Pr, Yb:BaY 2 F 8 crystal pumped by a Ti-Sapphire laser at 821 nm. The aim of the work reported here is to explore whether such lasers can be made to oscillate in a single transverse mode in spite of the rather important thermal effects that one could expect. We thus measure the transverse beam profile in such a laser. To make a laser oscillate in a single frequency, one must also control the spectrum of longitudinal modes. We thus wonder here whether the use of an intracavityétalon effect can make our laser achieve single-frequency operation.
Experimental setup
Our experimental setup is schematized in Figure 1 . The excitation source is a commercial cw Ti-sapphire laser. When the pump beam at 821 nm is focused inside the Pr, Yb : BaY 2 F 8 crystal (doping levels: 1.25% Pr 3+ and 6% Yb 3+ ), a white spot appears above a certain threshold power (corresponding to a power density of the order of 20 kW/cm 2 ), showing that the avalanche upconversion mechanism populates the 3 P 0 level of Pr 3+ ions, leading to fluorescence along the blue, green, and red transitions of this latter ion. To optimize the efficiency of the laser crystal pumping, we optimize the fluorescence intensity and we try to make the fluorescent region of the crystal completely fill the 2.5-mm length of that crystal. However, defocusing by the input cavity mirror must be taken into account. Indeed, we chose to build an almost concentric cavity with two 50-mm-radius of curvature mirrors. The first mirror M 1 (see Fig. 1 ) transmits 1% of the orange radiation and more than 95% of the pump beam power. The second mirror M 2 reflects more than 99.6% in the orange and more than 95% of the unabsorbed pump power. The use of such an almost concentric cavity geometry has two advantages: i) fine adjustment of the cavity length close to the stability limit permits to adjust the radius of the laser mode in the crystal in order to improve the overlap with the pump mode; ii) the unabsorbed pump recycled by mirror M 2 is efficiently refocused into the active medium. We tried two different lenses to focus the pump beam, with focal lengths equal to 75 and 50 mm, respectively. In each case, we tried to optimize the white fluorescence by adjusting the pump beam diameter before the focusing lens with telescopes of different magnifications. The best results were obtained with the 50-mm lens following a telescope with a 3-times magnification that expands the 600-µm diameter pump laser beam. In this case, we estimate the minimum pump beam diameter in the active medium to be of the order of 40 µm. This corresponds to a Rayleigh range of the order of 2.5 mm for the pump beam in the crystal, which is convenient for our 2.5-mmlong crystal. In all our experiments, the pump and laser beams propagate perpendicularly to the a and b crystal axes and the pump and laser light polarizations are linear along the b axis.
Measurement results
Orange laser oscillation has been obtained for our crystal in cw regime. The orange beam at the output of the coupling mirror M 1 is separated from the counter propagating pump beam thanks to a dichroic mirror (see Fig. 1 ). The laser wavelength is measured with a spectrometer with a resolution of 0.1 nm. This wavelength (in air) is found to vary between 606.9 and 607.0 nm. With this experiment, we have obtained a threshold corresponding to an incident pump power of the order of 570 mW, i.e., more than twice smaller than the threshold pump power reported in reference [13] . We estimate this threshold to correspond to a pump power density in the crystal equal to 45 kW/cm 2 , i.e., more than three times smaller than in reference [13] . The evolution of the laser output power versus incident pump power is reproduced in Figure 2 . We find this evolution to be almost linear with a maximum output power of 12 mW obtained for a pump power of 2.5 W.
In order to determine whether the laser emission occurs in a single transverse mode, we observe the laser output beam using a Coherent LaserCam-HR T M camera. The transverse profile of the output laser beam is found to be strongly dependent on the overlap between the pump and laser beams inside the crystal. For example, if we focus the pump beam inside the crystal using a 75-mm lens rather than the 50-mm lens used above, we observe that the laser is not transversally monomode and oscillates in a doughnut-shaped mode. This means that the pump beam is too large for the gain region to select the fundamental TEM 00 mode only. On the contrary, if we slightly decrease the pump beam diameter inside the active medium by using again a 50-mm lens to focus the pump beam, we observe the laser beam to be Gaussian shaped, as shown in Figure 3a .
In order to have an idea of the quality of this Gaussian beam, we measured its M 2 parameter by observing the evolution of the beam radius w after crossing a convergent lens with a 150 mm focal length. The resulting measurements are displayed in Figure 3b . The fit of these data leads to M 2 = 1.7. These results show that the laser is indeed transversally monomode, but that the thermal effects occurring inside the crystal and the optical imperfections of that crystal degrade the optical quality of the beam. The reduction of these thermal effects by optimizing the thermal conduction of the crystal mount and properly cooling it will thus have to be studied in the future to improve the beam quality.
Once the laser is known to operate in a single transverse mode, the only source of laser spectrum broadening is the possibility to oscillate in several longitudinal modes.
To check this, we analyze the laser output beam with a scanning confocal Fabry-Perot interferometer with a free spectral range equal to 750 MHz. We observe that the laser spectrum exhibits only a few -typically between three and five -longitudinal modes. Consequently, we expect that the use of an intracavityétalon should permit to obtain single-frequency oscillation. However, here, since the faces of the active medium are uncoated, they exhibit a 4% reflection coefficient. The active medium acts consequently itself as an intracavityétalon. Then, by carefully adjusting the angular position of the active medium inside the cavity, we succeed to make it select a single longitudinal mode, as illustrated in Figure 4 . Moreover, this single-frequency operation does not lead to a reduction of the output power: it is observed for output powers in excess of 10 mW. However, due to the thermal effects in the crystal, the mechanical instabilities of our cavity, and the large intensity noise of our pump laser, this singlefrequency regime is not very stable and lasts only for a few tens of seconds. However, this result clearly proves that single transverse and longitudinal mode operation of such a bulk avalanche upconversion laser is possible. 
Conclusion and future directions
In conclusion, single transverse and longitudinal mode orange laser oscillation at 607 nm has been obtained by avalanche upconversion with a pumping wavelength equal to 821 nm. This single frequency laser has been shown to emit more than 10 mW. Several sources of spectrum instabilities and of beam quality degradations have been isolated, such as the thermal effects inside the crystal, the noise in the pump beam power. In order to obtain a stable single-frequency operation of such a laser and to increase its output power, as needed for our quantum information applications, we plan i) to anti-reflection coat the faces of the crystal, thus allowing to introduce a trueétalon inside the cavity that should stabilize the single-frequency operation of the laser and reduce the sensitivity of the laser spectrum to thermal effects, ii) to improve the heat evacuation from the crystal, using a well-designed crystal mount cooled using thermo-electric coolers, iii) to pump this laser with laser diodes rather than with a Ti:Sapphire laser, thus drastically reducing the instabilities due to the pump power variations, iv) to implement the two-wavelength pumping scheme (at 820 and 980 nm) described in reference [16] , thus strongly improving the overall efficiency of the laser and consequently decreasing the thermal load in the crystal. 
